INTRODUCTION
The contamination of the soil environment with heavy metals and chromium compounds is a more and more frequently occurring problem throughout the world. Heavy metals are among the harmful groups of chemical compounds accumulated in soil as a result of anthropogenic activity (Adamcová et al. 2016 Radziemska et al. 2013 ). An additional source of this element are erosion processes and volcanic activity, as a result of which chromium compounds, mainly in the trivalent state of oxidation, are released into the atmosphere (Yu et al. 2014) . Activities connected with the metallurgical industry, gas combustion, and steelmaking are yet another source of chromium compounds. In this case, in addition to Cr(III), the highly toxic form of Cr(VI), as well as metallic chromium also find their way into the atmosphere (Lukina et al. 2016) .
In soils that are free of contamination, Cr(III) is present in greater proportions, which is connected with the occurring processes which lead to the reduction of Cr(VI). The transformation of Cr(VI) into Cr(III) takes place mainly with the involvement of microorganisms, indirectly by releasing reducing agents, such as iron ions or organic matter (Yilmaz and Soylak 2016) .
There are three main routes by which chromium compounds make their way into the human body, i.e. oral, dermal and inhalation. In each case, chromium compounds at a higher state of oxidation are absorbed more effectively than those at lower states (Mathebula et al. 2017) . Such a large difference in the level of absorption is connected with the ability of stomach acid to reduce Cr(VI) to Cr(III), which is characterized by poorer absorbability (Sasso and Schlosser 2015) . Under physiological conditions, Cr(VI) occurs in the form of chromates, whereas Cr(III) is a cation. This difference of charge facilitates the passing of negatively charged Cr(VI) through the cell membrane (Guimarães et al. 2016) .
Chromium is found in all plant tissues, as an essential microelement responsible for numerous physiological processes. The content of Cr(III) and Cr(VI) in plants is dependent on the abundance of this element in soil as well as the plant species (Wyszkowski and Radziemska 2009a; 2009b; 2013a; 2013b) . Research focused on limiting the effects of chromium, especially Cr(VI) on soils as well as plants, which constitute an indirect link in the food chain, are important in all fields connected with environmental engineering and protection . In connection with the above, studies were carried out which aimed to determine the effects of Cr(III) and Cr(VI)compounds, as well as alleviating additives (compost, zeolite and CaO) on the contents of selected macronutrients and trace elements in soil after harvesting oat (Avena sativa L.).
MATERIALS AND METHODS

Pot experiment layout
The experiment was carried out in a greenhouse belonging to the University of Warmia and Mazury in Olsztyn (Poland), in polyethylene pots with a holding capacity of 9.5 kg. The soil, with a granulometric composition of light loamy sand, was characterized by the following properties: pH KCl 
Sample preparation and soil chemical analysis
Prior to setting up the pot experiment, as well as after harvesting the plants, soil samples were collected from each pot and then dried at room temperature, ground and strained through a 0.1 diameter sieve. The contents of: chromium, manganese, copper, zinc, nickel and cobalt were determined using the method of flame atomic absorption spectroscopy (FAAS) on an atomic absorption spectrometer using a SpectrAA 240FS type apparatus (VARIAN, Australia) in extracts obtained following the "wet" mineralization of soil in nitric acid (HNO 3 p.a.) at a concentration of 1.40 g .
cm
-3 in a MARS 5 type microwave oven (CEM Corporation, USA), in HP500 teflon dishes.
The conditions of the process, i.e. weighted amounts, volume of nitric acid and mineralization temperature were assumed in accordance with US-EPA3051 methodology. Deionized water with an electrical conductivity of (0.055 µS cm -1 ), purified using the Crystal 10 system (Adrona Laboratory System) was used for the analyses.
In addition to the above, the following were assessed in the soil prior to setting up the experiment: granulometric content of soil -laser method with Mastersizer 2000 measuring device, soil pH -potentiometrically in aqueous solution of KCl with a concentration of 1 mol
. dm -1 (Klute 1996) , sum of exchangeable base cations -Kappen's method (Klute 1996) , total sorption capacity of the soil (Klute 1996) , saturation of sorption complex with base cations (Klute 1996) , organic carbon content -Tiurin's method in potassium dichromate with sulphuric acid (VI) ( 
Statistical analyses
The results of studies were subject to statistical calculations with Statistica 8.0 using three-way ANOVA analysis of variance and Duncan's test. Pearson's linear correlation coefficients (r) were also calculated between the analyzed variable.
RESULTS AND DISCUSSION
Influence of Cr(III) and Cr(VI) on contents of heavy metals in soil
The content of chromium in soil after harvesting the oats was dependent on the form of the introduced element (Tab. 2, Fig. 1 ). The average content of chromium in soils around the world is 54 mg
, whereas its contents in the soils of Poland range from 0.007 to 0.024 mg
. The highest concentration of chromium, reaching as much as 10,000 mg
, are found in the Sudetes (Poland) (Kabata-Pendias and Pendias 2011). In soils of urban areas, as a result of industrial activity, the content of heavy metals, including chromium, can be significantly higher (Mazur et al. 2015) . In the experiment carried out, in the series without neutralizing additives, chromium content was positively correlated (r=0.999) and (r=0.995) with increasing doses of Cr(III) and Cr(VI), however its influence was a bit stronger in the case of pots containing Cr(III). As compared to the control group, this increase was 11.5 fold -Cr(III) and eleven-fold Cr(VI). Chromium in contaminated soils is mainly present as residual chromium; in soils contaminated with, e.g. sewage sludge, the content of the from connected with Fe/Mn oxides increases manifold, with chromium bound with organic matter also increasing, though to a lesser extent. In the case of contaminated light soils, the majority of chromium is strongly connected with the crystalline network of primary and secondary minerals, occurring in the form of residuals (Arshad et al. 2017 ).
The applied dose and form of chromium, as well as neutralizing additives in the form of compost, zeolite and calcium oxide, influenced the contents of manganese in the analyzed soil (Tab. 2, Fig. 1 ). Manganese occurs in soil mainly in the form of free oxides or silicates. During the weathering of silicates, Mn 2+ ions are released, which find their way into the soil complex. Moreover, manganese is an essential nutrient to plants. The physiological function of manganese involves the role of this nutrient in a series of enzymatic reactions. Manganese has an effect on the increase in the intensity of respiration, carbon dioxide assimilation and the synthesis of carbohydrates (Hao and Jiang 2015) . In the series without the neutralizing additives, the soil in which oats were grown was characterized by a higher average manganese content in pots with Cr(VI) than their Cr(III) counterparts. The highest dose of Cr(III) and Cr(VI) (150 mg . kg -1 soil) had the strongest influence on the content of manganese in the control series (without neutralizing additives), leading to an increase of a few percent in the content of manganese, while the remaining doses did not have a targeted effect on the content of the above-mentioned component. The content of copper in soil following the harvest of oat was influenced by the form and dose of chromium, as well as compost, zeolite and calcium oxide (Tab. 2, Fig. 1 ). Copper content in soils amounts to an average of 2-40 mgCu kg -1 (Kabata-Pendias and Pendias 2011). Copper binds mainly with organic substances and Mn and Fe oxides, as well as silicates (Liu, 2016) . In the series without additives, the average content of Cu was 19% higher in soils with Cr(I-II) than in pots with Cr(VI). In this series, in both variants of the experiment, a negative correlation occurred between the increasing contamination of soil with Cr(III) (r=-0.875) and Cr(VI) (r=-0.762), and the Cu content of the soil. In pots with Cr(VI), the highest dose (150 mg .
kg
-1 of soil) led to a 27% decrease in Cu content as compared to the control group, whereas in the case of Cr(III) contaminated soil, this decrease was only 10%.
The content of zinc in soil following the harvest of oat was dependent on the type and dose of soil contamination with chromium, as well as the addition of neutralizing substances -compost, zeolite and calcium oxide (Tab. 3, Fig. 1 ). The content of zinc in soil falls within the range of 10-80 mg . kg -1
. Available zinc found in the soil complex binds, above all, with organic matter. Moreover, zinc is absorbed by iron, manganese and aluminum oxides, as well as clay minerals and silicates. Additional immobilization of zinc is the effect of higher contents of sulphates and phosphates in the soil complex (Dumoulin et al. 2017) . Following the harvest of oat, the Zn contents of soil from the series without additives were found to be similar in pots with Cr(III) and Cr(VI). In those with Cr(VI), a positive correlation between increasing soil contamination and zinc content was noted, with the highest dose of the contaminant (150 mg LSD for: a -contamination type, b -chromium dose, c -type of neutralizing substance; n.i. -insignificant differences, ** -significant for p=0.01, * -significant for p=0.05; r -correlation coefficient.
ing in a 15% increase in the described element as compared to the control. In the case of pots with Cr(III), a 100 mg .
-1 of soil dose applied to the series without neutralizing additives increased Zn content in the analyzed soil by 17%. The strongest effect on the content of Zn in soil was noted following the application of zeolite and compost in pots with Cr(III) and Cr(VI), respectively. Literature confirms the effectiveness of removing contamination with chromium compounds from soil with the use of zeolites (Antoniadis et al. 2017) .
Nickel is an element characterized by high mobility in the natural environment through the soil -plant system. Grzywnowicz (1997) stated that naturally derived nickel, in soils contaminated anthropogenically, is less soluble and less mobile than other elements. Moreover, this author in his studies showed that the total content of nickel is connected with the pH of the soil, the capacity of the sorption complex, and organic carbon content. The applied doses of Cr(III) and Cr(VI) and neutralizing additives in the form of compost, zeolite and calcium oxide significantly affected nickel content in soil on which oat was grown (Tab. 3, Fig. 1 ). Soil samples taken after harvesting the plants from the series without neutralizing additives were characterized by a 36% higher content of Ni in pots with Cr(III) than in their Cr(VI) counterparts. In the series without additives, the first dose of Cr(III) resulted in an increase of nickel content in the analyzed soil, with the following doses decreasing the content of this element. In the analogous series with Cr(VI), the existence of a negative correlation (r=-0.871) between increasing contamination and nickel content was observed, with the highest dose of the contaminant (150 mg . kg -1 soil) decreasing its content by more than twofold. The contamination of soil with Cr(III) and Cr(VI), as well as compost, zeolite and calcium oxide all significantly influenced the content of cobalt in the soil after harvesting the test plant (Tab. 3, Fig. 1 ). In the natural environment, cobalt is found in sulfide, oxide and arsenide minerals. The presence of cobalt in soil is dependent on local geochemical processes and the application of phosphatic fertilizers containing this element (Jalali and Majeri 2016). In the series without neutralizing additives, soil in pots with Cr(III) was characterized by a higher average chromium content after harvesting oat. In the control series (without neutralizing additives), the content of the analyzed component in the soil was negatively correlated with increasing Cr(III) -r=-0.816 and Cr(VI) -r=-0.883. Cr(VI) most noticeably limited (by 59%) the content of cobalt in the analyzed soil. Its influence was over twice higher than that of Cr(III).
Effect of amendments on heavy metal content in soil polluted with Cr(III) and Cr(VI)
Serving as a filter protecting against containments, the soil is also an intermediary in their transport; moreover, the accumulation of heavy metals in soil can lead to significant changes in their physicochemical properties (Hewelke et al. 2014; Hewelke et al. 2015; Radziemska and Fronczyk 2015) . The organic matter found in soils forms stable compounds, decreasing their uptake by plants. Chromium, as compared to other heavy metals, is most strongly connected with the organic fraction of soil (Arshad et al. 2017) . Applying composts has a positive effect on the physicochemical properties of soil, also in the case of chromium contamination (Wyszkowski and Radziemska 2009c) . Organic matter has the ability to reduce Cr(VI) to Cr(III) as well as having a major influence on the bioavailability of metals (Thacher et al. 2015) .
Compost, zeolite and CaO significantly influenced the chromium content of the analyzed soils (Tab. 2, Fig. 1 ). Calcium oxide and zeolite did not have a positive influence on the average content of chromium in pots with Cr(VI) in soil in which oats were grown, as they led to a small decrease in the content of the analyzed element by 6% and 4% respectively as compared to the control series (without neutralizing additives). According to Otabbong (1990) , liming increases the amount of non-organic compounds -chromium hydroxides and phosphates, and decreases the amount of organic Cr(III) compounds. Literature contains findings which confirm the efficiency of removing chromium soil contamination using zeolites (Silva et al. 2008) , which are characterized by high porosity and sorption capacity (Król and Mikuła 2017) . Their use is also supported by the fact that, introduced into the soil, they do not undergo biochemical decomposition and can be removed from the soil at any time, along with the absorbed contaminants (Vareda et al. 2016) . The application of alleviating substances in the form of compost, zeolite and calcium oxide significantly affected the content of manganese in the analyzed soils (Tab. 2, Fig. 1 ). In soil in which oats were grown, the addition of zeolite had the most noticeable limiting effect on manganese content in pots with Cr(VI), causing a 5% average decrease in the content of the above element as compared to the series without the application of such substances.
In series containing neutralizing additives (compost, zeolite, CaO) and various doses of Cr(III) and Cr(VI), significant differences in the content of copper (Cu) were observed following the harvest of oat (Tab. 2, Fig. 1 ). Zeolite and CaO had a negative effect on the average Cu content in pots with Cr(III). Compost, zeolite and CaO in the series with Cr(VI) influenced the average Cu content in the analyzed soil positively. The application of composts has a positive influence on the physico-chemical properties of soils, including the contamination of soil with chromium (Banks et al. 2006) , which has also been confirmed by the authors' own studies. Shortages of copper in soils occur as a result of its immobilization by organic matter on recently cultivated peat soils. Some shortages are also exhibited by calcareous soils (Yoo et al. 2016) .
Alleviating substances (compost, zeolite, CaO) affect the content of zinc in soil following the harvest of the grown crop in different ways (Tab. 3, Fig. 1) . Among the applied substances alleviating soil chromium contamination, zeolite in pots with Cr(III) and compost in pots with Cr(VI) had the strongest effect on the content of zinc in soil. The application of zeolite contributed to decreasing the content of zinc by 10% in pots with chromium (III), while compost increased it by 10% as compared to the series without additives. In an experiment by where natural zeolite was applied to the soil, a significant decrease in the zinc content was observed in soil contaminated with nickel compounds.
The addition of alleviating substances in the form of compost, zeolite and calcium oxide significantly influenced nickel contents in soil following the harvest of oat (Tab. 3, Fig. 1 ). The neutralizing additives had a much stronger influence on Ni content in soil following the harvest of oat in the case of adding Cr(III) as opposed to Cr(VI). The accumulation of Ni in the analyzed soil with Cr(III) was most severely limited by the addition of zeolite (-48%) and, to a lesser extent, CaO (-41%) and compost (-27%). In pots with Cr(VI), the application of CaO reduced Ni content by 38% as compared to the control series. In research carried out by Herwijnen et al. (2007) , zeolite-amended composts were found to be more effective than un-amended ones in the remediation of heavy metal polluted soils in a leaching experiment.
Compost, zeolite and calcium oxide significantly shaped the content of cobalt in soil after harvesting oat (Tab. 3, Fig. 1 ). Neutralizing additives significantly affected the content of cobalt in soil, both in pots with Cr(III) as well as Cr(VI). Compost, zeolite and especially CaO limited the content of cobalt in the variants containing trivalent chromium. The opposite situation was observed in pots with Cr(VI) upon applying zeolite and, to a lesser degree, compost.
CONCLUSIONS
The content of chromium, manganese, copper, zinc, nickel, and cobalt in soil was dependant on the dosage of Cr(III) and Cr(VI), as well as the addition of compost, zeolite and calcium oxide. An increase of chromium in soil was observed in response to the increased contamination of soil with Cr(III) and Cr(VI), as well as manganese, zinc and nickel when dealing with the highest doses of the contaminants. The contents of copper and cobalt in the analyzed soil were negatively correlated with increasing Cr(III) and Cr(VI) contamination. In pots with Cr(VI), the addition of compost significantly increased the copper, zinc, and cobalt content of the analyzed soil as compared to the control. The application of calcium oxide significantly reduced the copper content of soil from pots with Cr(III), and nickel content in its Cr(VI) contaminated counterpart, as well as influencing an increase in the chromium and copper contents of soil subjected to Cr(VI) contamination.
